To determine whether a protein folding reaction can occur in the absence of a dominant barrier is crucial for understanding its complexity. Here direct ultrafast kinetic measurements have been used to study the initial submillisecond (sub-ms) folding reaction of the small protein barstar. The cooperativity of the initial folding reaction has been explored by using two probes: fluorescence resonance energy transfer, through which the contraction of two intramolecular distances is measured, and the binding of 8-anilino-1-naphthalene sulfonic acid, through which the formation of hydrophobic clusters is monitored. A fast chain contraction is shown to precede the formation of hydrophobic clusters, indicating that the sub-ms folding reaction is not cooperative. The observed rate constant of the sub-ms folding reaction monitored by 8-anilino-1-naphthalene sulfonic acid fluorescence has been found to be the same in stabilizing conditions (low urea concentrations), in which specific structure is formed, and in marginally stabilizing conditions (higher urea concentrations), where virtually no structure is formed in the product of the sub-ms folding reaction. The observation that the folding rate is independent of the folding conditions suggests that the initial folding reaction occurs in the absence of a dominant free energy barrier. These results provide kinetic evidence that the formation of specific structure need not be slowed down by any significant free energy barrier during the course of a very fast protein folding reaction.
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noncooperative ͉ submillisecond protein folding T he nature of the energy barriers that slow down protein folding reactions is poorly understood (1) (2) (3) . There is no theoretical basis to the common assumption that any elementary step of a protein folding reaction should have only a single dominant free energy barrier instead of many distributed smaller barriers (4) . There is only an empirical basis to the application of transition state (TS) theory to protein folding reactions, which posits that a dominant barrier (Ͼ3 k B T) slows down the folding reaction. Yet the complex folding reactions of proteins appear to be described remarkably well by TS theory. On the other hand, the alternative hypothesis, that folding is gradual and barrierless, occurring as a diffusive process that encounters distributed barriers only about k B T in energy (2, 5) , is difficult to validate experimentally. The defining feature of a barrier-limited, cooperative transition is the coexistence of only two structural forms separated by the activation barrier, and the kinetics of such an all-or-none transition are defined by waiting times, with the actual passage times being too fast to observe. In contrast, only one species changes structure and free energy during a barrierless, gradual transition, making such a continuous transition potentially amenable to continuous observation in real time. To distinguish an all-or-none folding transition from a gradual transition remains, however, a difficult challenge (6, 7) .
Recent steady-state (8, 9) and single-molecule FRET studies (10, 11) , carried out under equilibrium conditions, have indicated that the transition between the unfolded and collapsed forms during the folding of several proteins may be so highly noncooperative as to be a gradual structural transition. Several other equilibrium unfolding studies using high-resolution structural probes have also provided evidence for gradual structural changes during unfolding (12) (13) (14) (15) . Such gradual structural changes may involve the crossing of many small free energy barriers rather than only one dominant barrier. But definitive kinetic evidence for a protein folding reaction occurring in the absence of a dominant free energy barrier has been scarce.
Most proteins fold with exponential kinetics, and nonexponential folding kinetics have been observed only in specific folding conditions for very few proteins (3, 16, 17) . Barrierlimited processes display exponential kinetics, but so may barrierless processes (16, 17) . Indeed, a barrierless chemical reaction will display exponential kinetics if its product ends up occupying a harmonic potential well (18) , and, in the context of protein folding, a diffusive process may have kinetics very similar to exponential kinetics (19) (20) (21) . Barrierless processes may also display nonexponential kinetics (3, 16) , but nonexponential kinetics can also arise because of multiple folding pathways (22, 23) . Obviously a barrierless reaction cannot be distinguished from a barrier-limited one solely on the basis of the folding kinetics being exponential or nonexponential (19) (20) (21) . For a few proteins, barrierless or downhill folding has been identified from the observed tuning of the folding kinetics by a change in solvent or temperature, or by mutation: the kinetics were observed to switch smoothly from single exponential to complex (probedependent, multiexponential, or nonexponential) as folding conditions are made more native-like (3, 16, 21) .
In the present study, the degree of cooperativity in the initial, submillisecond (sub-ms) folding reaction of the small protein barstar has been delineated by using multiple structural probes in ultrafast kinetic studies. Much is known about the folding mechanism of barstar (24) (25) (26) (27) (28) (29) (30) , and earlier studies with millisecond time resolution had indicated, albeit indirectly, that the initial, sub-ms folding reaction of barstar is a gradual process (8, 9) . A very early collapsed structure-less globule, U C , gets transformed into a structured early intermediate, I E (9, 25, 26) , at a few milliseconds of folding. I E then transforms to a late intermediate and native protein in the subsequent major folding reaction in the 100-ms time domain (24, 25) . Here the formation of I E has been monitored by using two probes, FRET as a probe for chain contraction and the fluorescence of protein-bound 8-anilino-1-naphthalene sulfonic acid (ANS) as a probe for hydrophobic clustering. An ultrafast chain collapse process is shown to precede a very fast hydrophobic clustering reaction. It is further demonstrated that the sub-ms folding reaction does not involve the crossing of a dominant free energy barrier, even though it results in the formation of specific structure.
The folding kinetics of these mutant variants are similar to those of wild-type barstar and other similar mutant variants (9, 12) . Here, folding was studied in strongly stabilizing (0.25 M urea) to marginally stabilizing (Ϸ1.5 M urea) conditions.
To show that significant structure does indeed develop during the sub-ms folding reaction, the refolding kinetics of Cys40 were studied first with ms time resolution using far-UV CD (Fig. 1a) and ANS binding (Fig. 1b) as probes. The extent of spectroscopic change that occurs in the unobservable burst phase of the millisecond stopped-flow kinetic measurements represents the extent of structure formation that occurs in the initial sub-ms folding reactions. Fig. 1 a and b shows that a substantial increase in far-UV CD, as well as ANS fluorescence consequent to binding, occurs in the unobservable burst phase for folding in strongly stabilizing conditions. The former indicates an increase in helical secondary structure, and the latter indicates an increase in hydrophobic clustering that is absent in the unfolded (U) and folded (N) proteins (24) . Thus, the product of sub-ms folding possesses specific secondary structure and hydrophobic clusters. Both types of structure in this sub-ms folding product disappear in a nonsigmoidal but synchronous manner when its stability is reduced by increasing the urea concentration in which folding is carried out (Fig. 1c) .
Submillisecond Folding of Barstar Is Not All-or-None. A continuousflow microsecond mixer was constructed to study the first 1 ms of the folding of barstar [supporting information (SI) Fig. S1 ]. When folding was carried out in 0.8 M urea, hydrophobic clustering, as represented by the accompanying increase in ANS binding and fluorescence, was seen to increase exponentially with an apparent rate constant of 4,320 Ϯ 440 s Ϫ1 (Fig. 2a) . The very fast phase observed here continues into a fast millisecond exponential decay phase as the folding reaction progresses, which is monitored on a stopped-flow mixer.
To test whether the dimensions of the polypeptide chain contract simultaneously with the formation of hydrophobic clusters, the sub-ms contraction of two intramolecular distances, one separating Trp53 and Cys40 in the Cys40TNB protein and another separating Trp53 and Cys82 in the Cys82TNB protein, was measured by FRET in 0.8 M urea ( Fig. 2 b and c) . Trp53 was the donor for both of the FRET pairs (8, 9, 12) , whereas the acceptor TNB group was attached to a Cys residue placed at position 40 in Cys40TNB and at position 82 in Cys82TNB. Earlier studies had shown that the stabilities and folding kinetics of the labeled and unlabeled mutant variants were similar (9, 12) . FRET was measured by monitoring the fluorescence of the labeled proteins at 380 nm. The decrease in the fluorescence at 380 nm is directly proportional to the increase in FRET efficiency, as described earlier (8, 9) . For both intramolecular distances, the major phase of the FRET-monitored kinetics appears to be complete in the first 250 s of the folding reaction, suggesting that the overall dimensions of the polypeptide chain have contracted at this time. Because the apparent rate of this ultrafast phase is Ͼ10,000 s Ϫ1 , only the last 20% of the total amplitude of FRET change could be resolved. Hence, there is some uncertainty in the determination of the exact values of the rate constants, even though the signal-to-noise ratio in the observed ultrafast change is good. In the case of Cys40TNB, the data are well described by a single exponential and extrapolate to a value at t ϭ 0 that is much lower than the signal of the unfolded protein in 8 M urea (Fig. 2b) . This observation suggests that the ultrafast contraction of the Trp53-Cys40TNB distance might involve more than one kinetic phase with the faster phase being unobservable with the current dead time of the continuous-flow mixer. On the other hand, in the case of Cys82TNB, the data are best fit to a sum of two exponentials, and the fit extrapolates at t ϭ 0 to the signal of the unfolded protein in 8 M urea (Fig. 2c) . The ultrafast contraction of the Trp53-Cys82TNB distance can therefore be fully resolved but still occurs in two kinetic phases. The observation of a difference in the kinetics of contraction of the two intramolecular distances is in agreement with the results of earlier millisecond kinetic measurements, which had indicated that the contraction of different intramolecular distances during the sub-ms folding reaction is not synchronized across different regions of the protein molecule (8, 9) .
The difference in the rates of the sub-ms folding reaction monitored by FRET and by ANS fluorescence suggests that an ultrafast chain contraction precedes the very fast clustering of hydrophobic residues in the folding polypeptide chain. This could happen possibly because collapse is promoted by the formation of intrapeptide hydrogen bonds, which are favored over peptide-water hydrogen bonds, in folding conditions (31) , or because of a change in -backbone preferences with a change in the solvent conditions (32) . Irrespective of its origin, the ultrafast chain contraction is significant because it brings sequence-distal hydrophobic residues into proximity; i.e., it may guide and facilitate the formation of hydrophobic clusters.
Absence of a Significant Free Energy Barrier During the Sub-ms
Folding Reaction. Because the sub-ms folding reaction is well separated in time from subsequent folding reactions that occur in the 100-ms time domain (Fig. 1 a Inset and b Inset) , the observed FRET-measured ultrafast rate as well as the ANSfluorescence-measured very fast rate represent the rates of events leading to the formation of the early intermediate I E identified previously on the folding pathway of barstar (25, 26) . In the previous studies, I E was found to be fully populated at a few milliseconds of folding, and the ANS-f luorescencemeasured rate is likely to be the direct rate of formation of I E . The multistep nature of the sub-ms folding reaction observed here implies that the U-to-I E reaction is not all-or-none. To test whether any significant free energy barrier exists between U and I E , the sub-ms refolding kinetics were studied in different folding conditions, which would confer different degrees of stability to N and I E , as well as to any TS, if present (25) .
The rate constant of a protein folding reaction in solution has the form
where c is a constant, is the solvent viscosity, ⌬G ‡ is the free energy of activation, R is the universal gas constant, and T is the reaction temperature. The exponential term slows down the folding reaction from its diffusion-controlled speed limit. In the absence of an activation barrier, the exponential term disappears and the folding reaction can proceed at its speed limit. If an activation barrier is present, it can be modulated by changing ⌬G ‡ . Because ⌬G ‡ would have a linear dependence on denaturant concentration, k would be expected to have a significant exponential dependence on denaturant concentration for a barrier-limited process, and it should be independent of denaturant concentration if no significant free energy barrier is present (6) .
The very fast rate of formation of I E is indeed observed to be independent of urea concentration (Fig. 3 a and b) , indicating that the polypeptide chain does not encounter a sizeable free energy barrier while folding to I E . This interpretation gains credence from several earlier observations: (i) the structure of I E is different in the presence of different osmolytes and different salts (25, 26) ; (ii) different intramolecular distances in I E contract in a gradual and asynchronous manner, upon a reduction in denaturant concentration (9); (iii) the free energy difference between U and I E turns out to be less than k B T (25, 26) if the U-to-I E transition is assumed to be barrier-limited; (iv) I E is loosely packed throughout its structure (33) and hence is expected to form with a lack of cooperativity (20, 34) ; and (v) most importantly, gradual structural changes in the folded as well as unfolded forms of barstar have been detected in equilibrium unfolding studies (12, 13) .
The magnitude of the exponential term in the expression for the rate constant k can also be altered by changing T. Fig. 3c shows that the very fast rate of formation of I E has a very weak dependence on temperature. The observed dependence is less than the expected temperature dependence of , which is known to increase exponentially with an increase in 1/T (35) . Hence, if the temperature dependence of viscosity is taken into account, the activation enthalpy for the very fast folding reaction turns out to be negative, which is taken as a signature for a folding reaction FRET (b and c) . In all of the panels, the sub-ms data from the continuous-flow mixer are normalized to the millisecond data from stopped-flow mixing for comparison. (a) The kinetics monitored by ANS fluorescence fit to a single exponential with a rate constant of 4,320 s Ϫ1 . The data in a are normalized to a value of 1 for the t ϭ ϱ signal of the millisecond refolding trace in 0.8 M urea. The dashed line represents the signal of the unfolded protein in 8 M urea. The kinetics of contraction of two intramolecular distances Trp53-Cys40TNB and Trp53-Cys82TNB are shown in b and c, respectively. The line through the data is a fit to an exponential equation. For Cys40TNB, the rate constants obtained from the fit are 11,500 s Ϫ1 and 7 s Ϫ1 for the ultrafast sub-ms phase and the fast millisecond phase, respectively. For Cys82TNB, the sub-ms phase data fit to a biexponential equation with rate constants of 16,300 and 490 s Ϫ1 ; the rate constant of the fast millisecond phase is 10 s Ϫ1 . In b and c the data are normalized to a value of 1 for the unfolded protein signal in 8 M urea. occurring in the absence of a dominant barrier (5, 7). Although non-Arrhenius kinetics could possibly also arise from the hydrophobic nature of the collapse reaction (36) , this is unlikely because the activation enthalpy for the sub-ms folding reaction of cytochrome c was observed to be positive (35) when measured over a similar temperature range.
An examination of the results of earlier sub-ms kinetic measurements of the folding of several other proteins reveals that the observed rate constants of their sub-ms folding reactions also have no significant dependence on denaturant concentration (27, 35, (37) (38) (39) (40) . These folding reactions were assumed to be barrier-limited transitions principally because of the strong pragmatic belief that exponential kinetics can arise only from a barrier-limited process (40, 41) . In this context, it should be noted that most ultrafast folding proteins (42, 43) , which cross marginal free energy barriers, if any, during folding, have folding relaxation rates with denaturant dependences that are much weaker than expected from equilibrium experiments (7), and with temperature dependences that are also weak (7) .
In a previous study of the sub-ms folding of barstar, the very fast folding reaction was assumed to be barrier-limited because its kinetics appeared sensitive to mutation. But the effects of the mutations were small: an assumed barrier was destabilized by Յ0.2 kcal⅐mol Ϫ1 by most mutations (27) . The only mutations that appeared to have larger effects (larger values) were at residue positions located in helix 1, which is structured in the colddenatured state from which folding was commenced (28) . Not surprisingly, when folding is commenced from 8 M urea in which residual structure is absent, no structure appeared to be present in residues in I E , which showed structure in the earlier temperature-jump study (33) . Hence, it is likely that these mutations exert their effects by changing the stability of the unfolded state. On the other hand, the conclusion reached here that the initial folding reaction occurs not over a dominant free energy barrier but over many very low (less than or equal to k B T) distributed barriers, which is based on the observation that the very fast folding rate constant cannot be perturbed by a change in denaturant concentration, is greatly strengthened by previous observations (see above), as well as the observed temperature dependence of its rate (Fig. 3c) .
The slope of a plot of the log rate versus urea concentration is a measure of the change in solvent-accessible surface area (44) . The observation that the very fast folding rate constant is independent of urea concentration suggests that any TS separating I E from U would be identical, in terms of the solventaccessible surface area, to U. In such a case, it is very unlikely that the TS and U would differ in free energy, and this would again imply that there is no significant barrier separating U from I E . The complete lack of denaturant dependence also makes it unlikely that a mobile barrier separates U and I E : such a barrier would move toward I E with an increase in urea concentration due to a Hammond effect, and at least some denaturantdependent decrease in the very fast rate would be expected.
In contrast to the kinetics of the very fast folding process, the kinetics of the fast (millisecond) folding reaction that follows appear to be barrier-limited, because the observed fast rate constant shows a significant dependence on the concentration of urea in which the folding reaction is carried out (Fig. 3b) . The dependence of the rate of the ANS-fluorescence-monitored fast refolding phase on the concentration of urea is similar to that of the far-UV CD-monitored rate, as well as fluorescence-and FRET-monitored rates (Fig. 3b ) (although the rates themselves appear to be probe-dependent), which suggests that these different probes report on the crossing of similar free energy barriers.
To confirm the principal result of this study, namely that the very fast sub-ms process does not involve the crossing of any substantial free energy barrier, it was first necessary to show that the kinetics of the very fast phase are not (i) those of the bimolecular reaction of the binding of ANS to barstar; (ii) affected by the presence of ANS; and (iii) those of any transient protein aggregation reaction. This was done by showing that the very fast rate constant remained the same when a 4-fold-higher ANS concentration or a 2-fold-higher protein concentration was used (Fig. 3b) .
Nature of the Initial Folding Transition. The initial very fast folding reaction produces significant specific secondary structure and hydrophobic clustering in I E in strongly stabilizing but not in marginally stabilizing folding conditions (Fig. 1) , but its observed rate constant does not depend on the extent of structure produced. For a folding reaction occurring in the absence of a significant free energy barrier, this is precisely what is expected. The initial folding reactions of proteins are expected to occur through multiple pathways so that kinetic bottlenecks are avoided (23, 45) . It will be important to determine in future studies whether the pathway for the formation of I E changes in different folding conditions and whether a dominant barrier is absent even in conditions where I E is very strongly stabilized.
The observation that I E forms gradually might imply that its helical secondary structure must also form gradually. Ultrafast temperature-jump studies on short peptides, which indirectly measure the rate of helix formation, suggest that helices form in the sub-microsecond to microsecond time domain (46) (47) (48) , whereas a microsecond mixing experiment that measures helix formation more directly suggests that it occurs on the 150-s time scale (49) . Both types of measurements suggest that helix formation occurs in more than one step and might even occur by conformational diffusion (47) . At present, it is not known whether secondary structure forms concurrently with chain contraction or with hydrophobic clustering, at least as revealed by ANS binding. In the context of a protein, chain compaction may induce helix formation in a noncooperative manner (50) .
The earlier millisecond FRET-monitored folding kinetic experiments had indicated that the degree of chain contraction in I E decreases with an increase in the urea concentration in which the folding is carried out (8, 9) . I E is therefore collapsed to different extents at different urea concentrations. Nevertheless, it is formed at the same very fast rate constant at these urea concentrations. The observation here that the rate constant of the formation of I E is independent of the extent to which I E is collapsed could be interpreted to signify the absence of a significant conformational entropy barrier, but it is more likely to be the consequence of small changes in chain and solvent entropy being continuously compensated for by weak enthalpic interactions as the collapse reaction proceeds over a multidimensional, rough energy surface (51) .
Speed of the Initial Folding Reaction. The initial folding reaction of barstar has a time constant of Ϸ200 s (Fig. 2) but does not appear to be slowed down by a dominant free energy barrier. What, then, slows it down? One possibility is that it is slowed down by the roughness of the energy surface (5, 43, 51) : the folding protein molecules have to diffusively traverse a large multitude of local energy minima (conformational substates). This possibility is indeed suggested by the earlier observation that different regions of the polypeptide chain contract in an asynchronous manner in the initial folding reaction (9) . Singlemolecule studies have indicated that such gradual diffusive motion may occur over milliseconds (52) or even longer (53) . In this context, it should be noted that the time scale of folding of other proteins reported to fold or unfold in a downhill manner appears to be in a similar (5-500 s) time domain at Ϸ25°C (3, 7, 16, 17) . In future studies it will be important to obtain a quantitative understanding of the free energy landscape sculpting that results in slow gradual folding or unfolding reactions.
In completely unfolded proteins at high denaturant concentration, diffusive interconversion of different conformations have been shown to occur on the Ϸ1-to Ϸ200-s time scale (54, 55) . The Ϸ1-s motions, which scale as n Ϫ3/2 , represent the time scale for the diffusive formation of a single long-range contact between distal regions of the protein chain separated by n residues (56). Many hundreds of such contacts may form during a folding reaction. As expected, such diffusive fluctuations are slower in a more compact conformation than they are in U (52, 55) . The slow (20-200 s) fluctuations are thought to represent concerted chain motions, and it might be that such slow diffusive chain motions lead to the formation of I E on an Ϸ200-s time scale. If there are many small diffusive steps, each involving a very small barrier, and if protein folding is slowed down because the diffusive steps are slaved to solvent motions (57), then slower folders presumably just take many more diffusive steps to fold.
In this context it is important to ask why some very small proteins can fold completely within a few microseconds (7, 42, 43) . Such ultrafast folding proteins have structures with low relative contact order, on which their microsecond folding rates depend (45) . Their structures are predominantly local, helical in most cases; because more folding routes are likely to be available for local structures to form, especially for helices that can be nucleated at many locations in the sequence, folding can be ultrafast. In contrast, for more complex and larger proteins such as the ␣/␤ barstar, fewer folding routes are likely to be available for the initial folding reaction, which would slow down folding (45) . Such proteins, which fold more slowly through a collapsed early intermediate populated at Ϸ1 ms, appear to possess more nonlocal contact clusters. The rate of formation of the early intermediate does not appear to depend on the relative contact order but instead appears to depend on the chain length as well as on the number of nonlocal contact clusters in the native protein (58) . The formation of nonlocal contact clusters would naturally require many more diffusive steps, and, hence, the initial folding reactions of proteins such as barstar are slower.
Methods
Protein Expression and Purification. The single-Trp, single-Cys-containing mutant variants of barstar, Cys40 and Cys82, were produced as described earlier (8) .
Continuous-Flow Microsecond Mixer. The two solutions to be mixed were pumped through a stainless steel mixer (SI Methods and Fig. S1 ) by using two low back-pressure HPLC pumps (Chromtech). An external gradient controller allowed simultaneous adjustment of the flow rates from the two pumps to give the desired mixing ratio. A quartz flow-through microcuvette (Hellma) with a 2-cm ϫ 250-m ϫ 250-m flow channel was used to monitor the progress of the reaction after mixing the reaction components in the mixer. The sample in the microcuvette was excited by the light output from a xenon arc lamp coupled to a monochromator. The entire 2-cm length of the cuvette was illuminated by focusing the light by using a cylindrical lens of 25-mm focal length. The emitted light was collected by using a liquid nitrogen-cooled, UV-coated, 2,048 ϫ 512-pixel CCD camera (Jobin Yvon). An optical filter of suitable bandwidth was placed before the CCD chip to select the desired emission wavelength.
Equilibrium Unfolding Experiments. All of the fluorescence-monitored equilibrium data were acquired on a Fluoromax-3 spectrofluorimeter or on a Biologic SFM-4 stopped flow module, as described previously (8) . All of the equilibrium and kinetic experiments were performed at 25°C.
Fast Kinetic Refolding Experiments. Far-UV CD and fluorescence measurements in the millisecond time domain were done by using a Biologic SFM-4 module, as described previously (8, 9, 26) .
Ultrafast Kinetic Refolding Experiments. For the kinetic experiments in the sub-ms time domain, the solutions to be mixed were pumped at a total flow rate of 1 ml/s. The composition of the native buffer was altered so as to achieve
